accounts for only 16% of deaths in ARDS, and the leading cause of death is actually multiple organ failure (MOF) (32) . The kidney is the most common organ affected, and ARDS that leads to AKI carries a mortality of 58% compared with 28% from ARDS alone (7, 21) .
Mechanical ventilation (MV) is required in nearly all patients with ARDS as a life-saving intervention. Of note, MV also is associated with a threefold increase in the risk of AKI (36) . Renal consequences of MV have been known for several decades, and hemodynamic alterations and neurohormonal activation were implicated, as mechanisms leading to reduced renal function (9, 27, 28) . Recently, inflammatory crosstalk from lungs to kidneys via systemic cytokines generated by ventilator-induced lung injury (VILI), due to high tidal volume MV, has been suggested to contribute to AKI in preclinical and clinical studies (16 -18, 31) . VILI occurs when lung stress created by MV leads to alveolar-capillary barrier damage. This process triggers injurious cytokine and chemokine release from injured pulmonary epithelial and endothelial cells i.e., biotrauma (18, 31) . Importantly, biotrauma due to MV may be a modifiable risk factor for AKI. A large multicenter trial showed that a ventilation strategy aimed at preventing VILI also attenuated AKI and improved mortality in patients with ARDS (1) . However, the understanding of specific mediators of this lung-kidney crosstalk is limited. Recognition of VILI clinically is difficult due to lack of diagnostic biomarkers and the similarity between clinical manifestations of VILI and other diffuse inflammatory syndromes, such as sepsis. AKI is among the most common complications in patients with sepsis. Incidence of AKI rises with the increasing severity of sepsis (2, 30) , and sepsis accounts for nearly 50% of episodes of AKI in critically ill patients (35) . Moreover, sepsis and VILI often occur simultaneously, as sepsis is the leading cause of both ARDS and MOF (13, 15) . These challenges are barriers to understanding better the pathophysiology of AKI due to VILI and to the development of novel strategies aimed at mitigating AKI due to VILI in critical illness.
We hypothesized that the renal expression of inflammatory markers due to VILI differs from sepsis and may be used to differentiate VILI from sepsis. Herein, we attempt to identify mediators of injury that are more specific to VILI-induced AKI compared with other injury patterns by evaluating the renal expression pattern of inflammatory markers in mice exposed to VILI compared with sepsis.
METHODS

Animals.
Experiments were performed in accordance with international guidelines and approved by the local animal care and use committees. C57BL/6 male mice (n ϭ 16) underwent either cecal ligation and puncture (CLP) (one double puncture with a 23-gauge needle and 100% cecal ligation) or sham operation (6) . At 24 h, they were randomized to injurious MV with a tidal volume of 20 ml/kg and 2.5 cmH 2O PEEP for 4 h (Flexivent; SciReq) or spontaneously breathing control. Animals were euthanized and kidneys frozen in liquid nitrogen.
Sample preparation. Whole kidneys were submerged in RIPA buffer with protease inhibitor and pulverized via homogenizer. Samples were centrifuged at 15,000 rpm at 4°C for 15 min. Pooled supernatants were used for cytokine array, and individual supernatant samples were used for Western blot analysis and ELISA.
Multiplex cytokine array. The Mouse XL cytokine array (R&D Systems) was used to determine protein levels of 111 different cytokines and chemokines, as per the manufacturer's instructions. After total protein quantification, pooled samples using equal amounts of protein from each of the four animals in each group (Sham, CLP, VILI, and CLPϩ VILI) were added to the appropriate buffers and array membranes and incubated overnight at 4°C. Membranes were washed, incubated with the detection antibody cocktail before incubation with streptavidin-horseradish peroxidase, and were followed by incubation with chemiluminescent reagent mix. An X-ray exposure time of 3 min was used for analysis. Intensity was evaluated using the "Proteome Array Analyzer" macro-programmed for ImageJ. Analysis and interpretation were carried out in a blinded fashion.
Western blot analysis. Lysates at 100 g/lane were loaded on NuPage gels in MOPS buffer. Gel proteins were transferred to nitrocellulose membranes and immunoblotted with the appropriate primary antibodies, followed by appropriate secondary antibodies. Antibodies to mouse neutrophil gelatinase-associated lipocalin (NGAL; ab63929; Abcam), VEGF (ab46154; Abcam), endostatin (AF570; R&D Systems), and VCAM-1 (AF643; R&D Systems) were used. Samples were compared with ␤-actin or GAPDH control.
ELISA. We used a quantikine ELISA kit (R&D Systems) to quantify angiopoietin 2 levels, according to manufacturer's guidelines. Samples were diluted and incubated at room temperature for 2 h. Incubation and wash cycles were repeated with the addition of conjugate and substrate solution. Finally, stop solution was added, and intensity was read using a Li-Cor spectrophotometer.
Statistical analysis. Data were analyzed by one-way ANOVA, as appropriate, using commercial software (SigmaPlot) with appropriate post hoc tests. Unless stated otherwise, results are presented as group means Ϯ SE.
RESULTS
Mediators of vascular endothelial inflammation are increased in the kidney after VILI.
To evaluate changes in renal inflammatory mediator expression between VILI and sepsis, we identified protein levels of different cytokines and chemokines in renal tissue from sham, injurious MV (VILI), CLP, or CLP followed by injurious MV (CLPϩVILI) mice. We specifically assessed for mediators that were more robustly expressed in the VILI groups relative to sham and CLP. Recent papers have also suggested that VILI in the setting of sepsis is a perpetuator of MOF via a "second hit" that leads to an overwhelming immune response (38) . Therefore, we also evaluated mediators that showed at least a twofold increase in CLPϩVILI. Proteins that fit either of these criteria were considered for further quantification.
Most of the proteins analyzed, such as TNF-␣, IL-1␤, and myeloperoxidase, had more robust levels in CLP compared with VILI alone (Fig. 1) . However, we identified IGFBP-1, IL-33, endostatin, VEGF, and VCAM-1 with higher levels after VILI alone compared with sham and CLP (Fig. 1 , highlighted in yellow). We chose to focus on the vascular effector proteins, VEGF, VCAM-1, and endostatin (Fig. 2) , since vascular endothelial inflammation is a key feature of MOF syndromes (20, 23, 40) . Protein levels of VEGF were found to be significantly elevated in both VILI and CLPϩVILI compared with sham (P Ͻ 0.001 and P Ͻ 0.05, respectively) and CLP kidneys (P Ͻ 0.001 and P Ͻ 0.01, respectively) by Western blot analysis. VCAM-1 levels were significantly elevated in VILI compared with sham (P Ͻ 0.05) and CLP (P Ͻ 0.05). VCAM-1 levels in the CLPϩVILI group were also higher than in both sham (P Ͻ 0.05) and CLP (P ϭ 0.08). Both VEGF and VCAM-1 levels were unchanged in CLP compared with sham kidneys. Differences in endostatin were not significant.
Renal angiopoietin-2 is significantly elevated in CLPϩVILI. Of the proteins analyzed in the proteome array, only eight had at least a twofold increase in the CLPϩVILI group compared with other groups (Fig. 1, highlighted in red) . Of these, angiopoietin-2 (Angpt2) had the greatest increase in expression compared with other endothelial proteins. Angpt2 was significantly elevated in both CLP and CLPϩVILI compared with sham (P Ͻ 0.01 and P Ͻ 0.001, respectively) with ELISA ( Fig.  3 ). Levels were also significantly elevated in CLPϩVILI compared with CLP alone (P Ͻ 0.01).
To assess renal injury in response to these conditions, we measured renal NGAL expression, which is a known biomarker for renal tubular injury (8, 26) . NGAL was significantly elevated in the CLPϩVILI group compared with other groups (P Ͻ 0.01), and in CLP and VILI groups compared with sham (P Ͻ 0.01 and P Ͻ 0.05, respectively) (Fig. 4) . These results correlated with the Angpt2 results described above.
DISCUSSION
In critical illnesses, the lungs and kidneys often sustain injury, and we believe that there are specific signals released from each organ that impact the other. We also believe these signals differ from other forms of systemic injury, such as sepsis. The purpose of this study was to identify novel and unique patterns of renal inflammation in mice exposed to VILI with or without sepsis. We identified two unique inflammatory mediators, VEGF and VCAM-1, that showed significantly increased levels in renal tissue after VILI, as compared with sepsis. We also showed that Angpt2, a potential mediator of MOF, was significantly increased by VILI in the setting of sepsis due to CLP. Angpt2 levels also correlated with greater renal injury as demonstrated by increased renal NGAL expression. VEGF is an angiogenic protein known to cause endothelial activation and increase microvascular permeability in diffuse inflammatory conditions (10, 24) . Microvascular dysfunction is a key element in most multiple organ dysfunction syndromes. Remarkably, we observed increased VEGF levels in the kidney, even in the setting of remote lung injury (VILI). Our findings are consistent with previous work by Choi et al. (5) , in which microvascular leak in the kidney was demonstrated in a rat model of VILI. This was associated with increased serum VEGF levels, but renal VEGF levels were not reported. We also observed increased VEGF levels in the kidney in VILI compared with systemic inflammation in CLP. It is possible that cytokines and damage-associated molecular patterns (DAMPs) released during VILI trigger de novo VEGF production in the kidney. Another possibility is that the VEGF in the kidney is of lung origin, as lung tissue has among the highest levels of VEGF in the body (22, 24) . Damage to the alveolar capillary membrane during VILI could lead to a massive release of VEGF into systemic circulation and reach the kidney through this mechanism. However, corresponding levels of other vascular effector proteins (discussed below) increased in the VILI groups suggest de novo effects in the kidney. Further research into these possible mechanisms is required to elucidate pathophysiology of biotrauma. Nonetheless, our findings suggest that renal VEGF may be a useful biomarker of distant organ injury in the kidney due to VILI.
VCAM-1 and other adhesion molecules are increasingly expressed following endothelial activation by circulating cytokines (including VEGF) (37, 40) . They are known to facilitate leukocyte binding to the endothelium in areas of inflammation and promote microvascular dysfunction and tissue injury (37) . We observed increased VCAM-1 protein levels in the kidney after VILI compared with sham and CLP kidneys. Increased mRNA expression of adhesion molecules has been demonstrated in the lungs and other organs in VILI (14) . Similar to VEGF levels, we also observed increased renal VCAM-1 levels in VILI compared with sepsis. Interestingly, other adhesion molecules in the proteome array did not show this pattern. This may be due to differences in temporal expression of adhesion molecules in sepsis. After LPS administration in mice, the greatest increase in renal ICAM-1 and VCAM-1 mRNA expression was seen at 2 h, but VCAM-1 expression decreased rapidly and reached control levels at 18 h, while ICAM-1 was still increased at 20-fold (39) . There may also be cell-specific differences in constitutive vs. inducible upregulation of adhesion molecules during VILI and sepsis, as has been demonstrated in renal biopsies from patients with allograft rejection (3). Finally, binding to VCAM-1 is much more specific for integrin ligands produced by monocytes and lymphocytes compared with neutrophils, and perhaps the sterile inflammation of VILI affects these leukocytes to a greater extent (25) . All of these potential mechanisms warrant further investigation, as does VCAM-1 as a potential biomarker of VILI-mediated AKI. Angpt2 is another mediator of endothelial inflammation that is rapidly released from Weibel-Palade bodies following endothelial stimulation by cytokines, leukocytes, platelets, alterations in blood flow, and other factors (12, 19) . After release, Angpt2 is known to destabilize quiescent endothelium via binding to its cognate Tie-2 receptor, with receptor phosphorylation (12) . This process leads to microvascular leak and propagation of inflammation similar to VEGF. The action of Angpt2 is typically rapid, as it is preformed and immediately released. Prolonged elevations in Angpt2 levels in patients are associated with a higher rate of MOF and poor prognosis (4) . Recent studies have identified Angpt2 as a potential mediator of MOF in sepsis and ARDS (4, 19, 33, 41) . However, the role of Angpt2 in remote organ injury due to VILI has not been previously described. We show here that VILI in the setting of sepsis may be a source of sustained Angpt2 elevation and correlates with greater renal injury, as demonstrated by increased NGAL expression. NGAL is among the most highly induced proteins in the kidney tissue after AKI in animal models and also accepted as a AKI biomarker in clinical studies (8, 26) . It has also been shown to play a physiological role in tubular epithelial development and differentiation. Dual injury from VILI and CLP could trigger increased transcription of renal Angpt2, or the activation of a greater number of renal endothelial cells, which requires further investigation.
There are important limitations of our study. Normal tidal volume ventilation may be a more appropriate control for the VILI group to demonstrate that ventilation at normal tidal volume does not alter renal expression of VEGF, VCAM-1, Angpt2, and NGAL. However, our choice of spontaneous breathing control reflects the need to use an appropriate control group for both experimental injury groups (CLP and VILI). In our subsequent detailed investigations into lung-kidney crosstalk in VILI, normal tidal volume ventilation will be utilized as the control group. Also, our findings, although novel, particularly for Angpt2, are preliminary and demonstrate correlation rather than causation, and they warrant further detailed investigations.
In conclusion, we have demonstrated that injurious MV remotely in the lungs led to significantly elevated VEGF and VCAM-1 levels in the kidney compared with systemic inflammation in sepsis. Injurious MV also led to elevated kidney Angpt2 levels after sepsis, correlating with increased renal injury. Further research into these proteins as biomarkers and potential mediators of VILI-induced AKI and distant organ injury is warranted, especially as biotrauma with VILI may be modifiable. A better understanding of the mechanisms underlying biotrauma in lung-kidney interactions is essential to develop innovative therapies aimed at improving the high morbidity and mortality associated with these common disorders.
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